Engineering of the metal gate work function in transistor devices is of particular interest for high dielectric constant (high-k) based complimentary metal-oxide-semiconductor (CMOS) devices. One of the most challenging problems has been to develop temperature stable metal gates that can provide the required effective work function (EWF) and low threshold voltages.
1,2 The use of oxide interfacial layers (e.g., La 2 O 3 , Gd 2 O 3 , Al 2 O 3 , etc.) between metal gates, such as TiN and TaN, and the Hf-based dielectrics in gate stacks has been used as an effective method to tune the EWF of metal gates. In this letter, we show that the flatband voltage (V FB ) shift, known to be induced by lanthanide metal oxide capping layers (e.g., Gd 2 O 3 ), can be completely reversed if the polycrystalline silicon (poly-Si) overlayer is not used. The poly-Si overlayers are typically used to cover metal gates to ease the metal gate/high-k stack device integration. Oxygen diffusion into the metal gate and the subsequent nitrogen accumulation at the metal gate/high-k oxide interface are shown to be the cause of this phenomenon.
Metal-oxide-semiconductor (MOS) capacitors were built on heavily doped p-type substrates with a dopant concentration of 1.0 Â 10 18 cm
À3
. Pre-gate cleaning was performed using diluted hydrofluoric acid (HF) followed by O 3 -last cleaning. The SiO 2 gate dielectric was grown using thermal oxidation, while the HfSiO film (2.0 nm, 60% SiO 2 ) was grown by atomic layer deposition. The 1.0 nm Gd 2 O 3 interfacial layer and 40 nm TaN gate electrode were then deposited at room temperature using a physical vapor deposition system. This resulted in TaN/Gd 2 O 3 /HfSiO/SiO 2 /Si stacks. Selected samples were then covered with either 100 nm sputtered or 100 nm chemical vapor deposited (CVD) poly-Si overlayers. All samples (with or without the 100 nm poly-Si overlayer) were subsequently annealed using rapid thermal annealing (RTA) at 1000 C in N 2 for 10 s to simulate a junction anneal. Forming gas annealing (FGA) was then performed on all samples for 30 min at 400 C in a 96% N 2 and 4% H 2 atmosphere. The capacitance-voltage (C-V) curves, obtained with an Agilent 4294 A inductancecapacitance-resistance (LCR) meter, were fitted using the NCSU model to extract the equivalent oxide thickness (EOT), flatband voltage (V FB ), and substrate doping concentration. 3 The effective work function of each electrode was extracted from plots of V FB vs. EOT using a series of SiO 2 thicknesses (1.0-4.0 nm) formed by wet-etching of a thermally grown 4.0 nm SiO 2 layer. The chemical composition and diffusion profiles of the films were examined by highresolution x-ray photoelectron spectroscopy (XPS). XPS spectra were recorded with an Axis Ultra DLD spectrometer (Kratos Analytical, UK), using a monochromatic Al-Ka source (h ¼ 1486.6 eV) operating at 150 W energy. XPS depth profiling was done using a 500-eV argon ion beam, a sputter area of 2 Â 2 mm and an etch rate of 1.7 nm/min, calibrated on a standard 60-nm-thick Ta 2 O 5 film. High resolution XPS spectra of C 1 s, N 1 s, Ta 4f, Gd 3 d, O 1 s, and Si 2 p core levels were collected at 110 lm aperture, at pass energy of 80 eV and with a step size of 0.1 eV, and quantified using empirically derived relative sensitivity factors provided by Kratos analytical. The spectra were analyzed using the CASA XPS software. Shirley background subtraction and peak fitting with Gaussian-Lorentzian-shaped profiles were performed for all considered photoelectron peaks. Figure 1 shows the normalized C-V curves for three different devices annealed at 1000 C. The insets illustrate the structure of three different devices used: (a) reference device without The 350 mV negative shift in the C-V curve for the sample with poly-Si overlayer ( Fig. 1(b) ) is expected due to the presence of Gd 2 O 3 in the gate stack. This shift in our poly-Si capped devices agrees, in direction and magnitude, with previous reports on the effect of lanthanide oxide insertion into high-k/metal gate stacks on V FB . [4] [5] [6] However, the shift in V FB for devices without the poly-Si overlayer to the right by nearly 450 mV (relative to the poly-Si capped Gd 2 O 3 -contining device) is unexpected. To confirm this unexpected result, we have repeated the experiment three different times, where nearly a hundred devices were measured each time, covering different dielectric compositions and EOTs. In one particularly important experiment, the TaN metal gate was covered with 100 nm sputtered poly-Si overlayer instead of CVD poly-Si overlayer. The device structure was, therefore, sputtered poly-Si/TaN/Gd 2 O 3 /HfSiO/SiO 2 /Si, and it was subsequently annealed at 1000 C with the sputtered poly-Si overlayer in place. The sputtered poly-Si overlayer was then removed by a wet etch process that is highly selective to TaN. The C-V measurement for this sample gave identical results to the sample in Fig. 1(b) . This result clearly shows that no matter how the poly-Si overlayer is deposited (sputter or CVD) on the TaN metal gate, the end result is the same: negative V FB shift is only obtained when the TaN is covered by poly-Si prior to the RTA anneal. Otherwise, a positive V FB shift is observed. Clearly, the poly-Si layer plays an important role in the direction of flatband voltage shift in gate stacks containing rare-earth (RE) oxide capping layers.
The negative shift of the V FB in this type of devices, where a lanthanide oxide capping layer is used, has been attributed to the substitution of Hf atoms by the RE element atoms at the HfSiO/SiO 2 interface, giving rise to a bond dipole formation. 7, 8 9 In a simple MOS structure, the flatband voltage can be expressed as
where Q 0 is the fixed charge at the SiO 2 /Si interface, / ms is the difference between the work functions of the metal and Si substrate, EOT the effective oxide thickness, and l t the effective dipole, which in the case of only SiO 2 dielectric is
For our stack, l t has to account for the different interfaces
The dipole formation at these different interfaces has to be related to the net positive shift we observe since Q 0 in our stacks was low (4.5 Â 10 10 cm
À2
) and cannot account for the dramatic positive V FB shift observed in the absence of the poly-Si overlayer. Figure 2 shows the XPS depth profiles of samples (a) with poly-Si overlayer and (b) without poly-Si overlayer. Important information is extracted from these profiles. First of all, the elemental species in the gate dielectric layers show no discernable difference between the two samples. This is shown in detail in Figure 3(a) where the Gd profiles are identical independent of the presence of a poly-Si overlayer. This observation suggests that the bond dipoles at the dielectric interfaces (e.g., Gd replacing Hf at the HfSiO/SiO 2 interface), are not likely to be profoundly different for the two samples and hence both samples should have exhibited a negative V FB shift, as is typically expected for gate stacks with Gd 2 O 3 capping layers. 7 Another observation is that the oxygen and tantalum diffusion profiles (Figs. 3(b) and 3(c) ) show more oxygen diffusion into TaN in the absence of the poly-Si overlayer. It should be noted that RTA was performed in a commercial tool with small traces of residual oxygen, explaining the incorporation of oxygen during the N 2 ambient anneals. The degree of oxidation of the TaN metal gate is of strong concern. Oxidation of the TaN can change the work function of the metal gate and contribute to the observed V FB shift. 10 Nevertheless, it is evident the Ta oxidation is taking place at the upper part of the TaN layer and not at the TaN/dielectric interface, suggesting that the TaN work function is not being modified near the TaN/ dielectric interface. Furthermore, the filling of vacancies due to O diffusion into the bulk of TaN and any bond dipole this may produce will be screened by TaN metal and is not expected to shift the V FB by much. 11 In fact, it has been shown that O replacing N in the bulk of TiN metal gate results in only small increase in the EWF ($30 meV).
11
The increase of N levels at the TaN/dielectric interface ( Fig. 3(d) ) in our devices is interesting. It has only occurred in the samples annealed without a poly-Si overlayer. Samples where the TaN metal gate was capped with either CVD or sputtered poly-Si overlayer did not show this effect. We can, therefore, conclude that the cancellation of the negative V FB shift observed in Fig. 1(c) is related to N accumulation at the TaN/dielectric interface. What remains now is to explain how the accumulation of this nitrogen cancels the well-known negative V FB shift.
It has been reported that a large and positive shift ($200-400 mV) could be induced in the equilibrium electrostatic potential due to dipoles at the interface between a TiN metal gate and HfO 2 gate dielectric by replacing oxygen (O) atoms in the HfO 2 lattice with nitrogen (N) atoms near TiN/HfO 2 interface. 11 Using density functional theory (DFT) analysis, this effect was shown to be due to a balance of two opposing dipoles associated with the Ti and Hf atoms at the interface (the sequence O-Hf-O-Ti-N is being replaced by O-Hf-N-Ti-N). 11 Due to the larger polarizability of the Hf atom compared with that of Ti, the dipole associated with the Hf atom is more pronounced creating a positive shift in the average electrostatic potential at the TiN/HfO 2 interface. The positive shift reported for TiN is in the same direction as the experimental V FB voltage shift measured in our TaN devices without Si overlayer. Thus, one reasonable model to explain the positive V FB shift in our TaN devices, in analogy to TiN, is the replacement of O atoms in the Hf-based dielectric by N atoms from the accumulated nitrogen (Fig. 3(d) ). Expecting a similar dipole mechanism at the TaN/HfO 2 interface is reasonable, since the polarizability of Ta, like Ti, is smaller than that of Hf. To prove that such atomic replacement can produce a positive shift in the equilibrium electrostatic potential at the TaN/HfO 2 interface, we have carried out a DFT first principle calculations of the TaN/HfO 2 interface.
The electrostatic potential across the TaN/HfO 2 interface is simulated employing the supercell approach. The supercell is constructed along the line of previous calculations for the TiN/HfO 2 interface. 12 A hexagonal interface is built between monoclinic HfO 2 (À111) and P6 3 mc TaN(001) surfaces with an area of 128. 8 Å 2 . The mismatch of the inplane lattice parameters amounts to only 0.4% and 2.3%. Besides the ideal interface, a second interface with the oxygen atoms at the interface replaced by nitrogen atoms is calculated. From the technical point of view, the VIENNA AB-INITIO SIMULATION PACKAGE 13 is used with the PerdewBurke-Ernzerhof 14 parametrization of the generalized gradient approximation and pseudopotentials generated by the projector augmented wave method. 15 A full relaxation of the atomic positions is performed before the electrostatic potential is evaluated. The potential is averaged in planes parallel to the interface and smoothed by a macroscopic average of 37 points. Finally, the change in the electrostatic potential between the ideal and the nitrogen-substituted interface (D) is calculated as a function of the distance to the interface and is shown in Fig. 4 . Clearly, replacing O atoms in HfO 2 with N atoms has produced a positive shift (D ¼ 240 meV) in the average electrostatic potential at the TaN/HfO 2 interface. Like the case of TiN, we surmise that this replacement produces a balance of two opposing dipoles associated with the Ta and Hf atoms at the interface (the sequence O-Hf-O-Ta-N is being replaced by O-Hf-N-Ta-N). Due to the larger polarizability of the Hf atom compared with that of Ta, the dipole associated with the Hf atom is more pronounced creating a positive shift in the average electrostatic potential at the TaN/HfO 2 interface, which is consistent with our measured devices. The calculated electrostatic potential shifts are in the same direction and in same order of magnitude as our experimental results, but the exact value is smaller than the V FB shift measured in Fig. 1(c) (240 mV vs 460 mV). In our DFT simulation, we noticed that the magnitude of the calculated electrostatic potential shift increased linearly with the number of oxygen atoms replaced by nitrogen atoms at the interface. The simulation supercell size used in our DFT simulation produced a shift of 240 mV after all oxygen atoms at the interface were replaced with nitrogen. Since replacing more oxygen atoms showed a linear increase in the measured electrostatic potential shift at the TaN/HfO 2 interface, it is possible that using a larger cell size (more atoms) in the simulation can produce an even larger shift. However, it would require significantly longer computational time and computational power to reach a point where this effect saturates. We believe that the simulations we have carried out thus far are sufficient to provide a sound atomistic explanation for the positive V FB shift measured in our TaN devices (Fig. 1(c) ). In addition, the model we propose is in fact in agreement with other models reported for nitride metal gates (e.g., TiN metal gate devices that were subjected to nitridation anneals). 11 Finally, since our dielectric is also doped with Gd, we attempted a similar calculation in which Gd atoms were placed on selected Hf atomic sites, but the calculated electrostatic potential shift was completely in the opposite direction from the measured V FB shift. We, therefore, conclude that the measured positive V FB shifts in devices without Si overlayer are primarily driven by replacement of interfacial oxygen atoms that are bonded to Hf in the HfO 2 lattice at the interface.
In summary, we have shown that positive V FB shifts can be realized in gate stacks with rare earth oxides (Gd 2 O 3 ) capping by removing the poly-Si overlayer prior to device annealing. This V FB shift was correlated to positive change in the average electrostatic potential at the TaN/HfO 2 interface, which completely cancels out the V FB shift normally observed in gate stacks containing Gd 2 O 3 capping layers. The atomistic origin of this shift is the replacement of interfacial oxygen atoms in the HfO 2 lattice with nitrogen atoms, which creates a dipole that favors a positive V FB shift. 
